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ABSTRACT Cytosolic Ca21 changes induced by electric ﬁeld pulses of 50-ms duration and 200–800 V/cm strength were
monitored by measuring chemiluminescence in aequorin-transformed BY-2 tobacco cells. In Ca21-substituted media,
electropulsing led to a very fast initial increase of the cytosolic Ca21 concentration reaching a peak value within ,100–200 ms.
Peaking of [Ca21]cyt was followed by a biphasic decay due to removal of Ca
21 (e.g., by binding and/or sequestration in the cytosol).
The decay had fast and slow components, characterized by time constants of ;0.5 and 3–5 s, respectively. Experiments with
various external Ca21 concentrations and conductivities showed that the fast decay arises from Ca21 ﬂuxes through the plas-
malemma, whereas the slow decay must be assigned to Ca21 ﬂuxes through the tonoplast. The amplitude of the [Ca21]cyt
transients increased with increasing ﬁeld strength, whereas the time constants of the decay kinetics remained invariant. Break-
down of the plasmalemma was achieved at a critical ﬁeld strength of ;450 V/cm, whereas breakdown of the tonoplast required
;580 V/cm. The above ﬁndings could be explained by the transient potential proﬁles generated across the two membranes in
response to an exponentially decaying ﬁeld pulse. The dielectric data required for calculation of the tonoplast and plasmalemma
potentials were derived from electrorotation experiments on isolated vacuolated and evacuolated BY-2 protoplasts. The elec-
trorotation response of vacuolated protoplasts could be described in terms of a three-shell model (i.e., by assuming that the
capacitances of tonoplast and plasmalemmaare arranged in series). Among other things, the theoretical analysis together with the
experimental data show that genetic manipulations of plant cells by electrotransfection or electrofusion must be performed in low-
conductivity media to minimize release of vacuolar Ca21 and presumably other vacuolar ingredients.
INTRODUCTION
Cytosolic Ca21 ([Ca21]cyt) has been recognized as a key
second messenger in cellular signaling pathways involved in
growth, differentiation, induction of apoptosis and gene
expression in both animal and plant cells (1–4). A variety of
exogenous stimuli, including oxidative stress, cold, osmotic
shock, etc., have been found to induce stimulus-speciﬁc ki-
netics of [Ca21]cyt, also denoted as Ca
21 signatures (5–7). For
instance, potassium permanganate induces in tobacco cells a
characteristic [Ca21]cyt transient lasting for 1–2 min before
the induction of defense (8,9). Furthermore, [Ca21]cyt oscil-
lations have been found to precede stomatal closure in Arabi-
dopsis guard cells (10). There is also evidence in the literature
that stimulus-speciﬁc Ca21 signatures may control a wide
range of adaptive responses in plant cells (11,12).
Cold, osmotic challenge and chemicals are persistent scalar
stimuli that can frequently induce an unpredictable cascade of
secondary reactions within cells. Therefore, interpretation
of data is not always straightforward, i.e., the question of
whether [Ca21]cyt transients are primarily caused by exoge-
nous stimuli often remains open. Induction of [Ca21]cyt
transients by external electric ﬁelds does not, a priori, share
these drawbacks, because the interactions of (vector) electric
ﬁelds with cells are based on well-established physical prin-
ciples (13,14). A further advantage of electric ﬁeld pulses is
that they can be applied with micro- and even nanosecond
timing (15). Particularly, the ultrashort electric pulses with a
duration in the nanosecond range have recently been found to
trigger both extracellular Ca21 inﬂux and release of Ca21
from intracellular stores of human lymphocytes (16,17).
It is well known from the work of Link et al. (18) that
[Ca21]cyt-mediated processes in plant cells can also be elic-
ited by a prolonged DC ﬁeld application. Examples are the
activation of MAP kinases and the induction of defense
genes (18). Furthermore, Sano et al. (19) have shown that the
KMnO4-induced [Ca
21]cyt transients in tobacco cells can be
mimicked by applying a train of short electric pulses. Inter-
estingly, the authors found that the electric ﬁeld-mediated
Ca21 signature delayed the cell cycle progression in a manner
qualitatively similar to that of potassium permanganate, thus
supporting the assumption of a role for calcium as a second
messenger in the cell cycle regulation. Despite these prom-
ising results, little is known about the mechanisms under-
lying the transient changes in [Ca21]cyt induced by external
electric ﬁeld stimuli. This is somewhat surprising because
elucidation of these mechanisms has far-reaching implica-
tions in plant biotechnology, where pulsed DC and AC ﬁelds
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are successfully used for the production of transgenic and
hybrid plants (13,20–22).
One reason for the lack of information about the mech-
anisms underlying the electrically induced [Ca21]cyt transients
in plant cells is that these cells are extremely inhomoge-
neous dielectric particles. The cellwall, plasmalemma, cytosol,
tonoplast, and vacuolar sap differ markedly in their ionic
conductivities and dielectric permittivities. Therefore, electric
ﬁeld-mediated [Ca21]cyt transients can be induced by Ca
21
inﬂux into the cytosol from the external medium as well as by
Ca21 efﬂux from the Ca21-containing vacuole (23,24).
The contributions of the extracellular and vacuolar Ca21
ions to the ﬁeld-induced [Ca21]cyt transients depend on the
transmembrane voltages induced across the plasmalemma
and the tonoplast, which, in turn, are determined by the di-
electric properties of the two membranes and the vacuolar,
cytosolic, and external compartments. As shown here for
vacuolated BY-2 tobacco protoplasts, the dielectric proper-
ties of the various compartments and structural elements can
be deduced quite accurately from the electrorotation (ROT)
spectra of protoplasts by ﬁtting the data with the three-shell
model (TSM) (25), i.e., by taking into account the separate
charging of the serially arranged plasmalemma and tonoplast
capacitances. Analysis of the dielectric data allowed the
calculation of the voltages induced by external ﬁelds across
the two membranes both in the frequency and time domain.
This paved the way to correlate the kinetically distinct com-
ponents of DC pulse-induced [Ca21]cyt transients monitored
by chemiluminescence with external and vacuolar Ca21 ﬂuxes.
MATERIALS AND METHODS
Cell culture
For measuring ﬁeld-induced [Ca21]cyt transients the transgenic tobacco BY-2
cell line (Nicotiana tabacumL. cv.BrightYellow2, hereafter referred to asBY-
2 cells)wasused (19,26).BY-2 cells constitutively express apoaequorin protein
(27). The cells were maintained by weekly subculture in a modiﬁed Linsmaier
and Skoogmedium (28), containing increased concentrations of KH2PO4 (370
mg/L) and thiamine HCl (1 mg/L). This basal mediumwas supplemented with
sucrose (3%) and a synthetic auxin 2,4-dichlorophenoxyacetic acid (0.2mg/L).
The pHwas adjusted to 5.8 before autoclaving (29). The BY-2 cell suspension
was cultured at 25C on a rotary shaker at 130 rpm in dim light. The osmolality
of the growth medium was adjusted to 230 mOsm and the conductivity to 5.8
mS/cm using the cryoscopic osmometer of Gonotec (Berlin, Germany) and the
conductometer of Knick (Berlin, Germany).
Before electropulsing, 1 mM coelenterazine was added to the BY-2
cell culture for 16 h to reconstitute functional aequorin (a Ca21-sensitive
photoprotein) as described elsewhere (30). Coelenterazine (native form) was
obtained fromBertholdDetectionSystems (Pforzheim,Germany) andused as a
5 mM stock solution in methanol. Staining with Trypan blue ((TB) ﬁnal
concentration 0.2%; Sigma, Deisenhofen, Germany) was used for microscopic
evaluation of cell viability determined 30min after electropulsing. For cell wall
staining the ﬂuorescent anionic dye Calcoﬂuor white (Sigma) was used.
Preparation of vacuolated and
evacuolated protoplasts
Vacuolated protoplasts were prepared from tobacco BY-2 cells as described
elsewhere (31,32), with slight modiﬁcations. An aliquot of a 5-day-old cell
suspension was centrifuged at 800 rpm for 5 min. The pellet was resus-
pended in a solution containing 430 mM mannitol, 1% cellulose (Onozuka
RS, Yakult Honsha, Tokyo, Japan), 0.1% Y-23 pectolyase (Sigma), 1%
R-10 macerocyme, 1% BSA, 0.1mM CaCl2, and 10 mMMES (pH 5.8) and
maintained 2 h at 25C under gentle agitation conditions. Protoplasts were
washed twice at 800 rpm. The washing solution consisted of 430 mM
sucrose, 0.1 mM CaCl2, and 0.1 mM MES (pH 5.8).
Evacuolated protoplasts were prepared as described by Ho¨rtensteiner
et al. (33). In brief, protoplasts were ﬁrst isolated from 3-day-old BY-2 cells
using 1% cellulase, 0.1% pectolyase, and 350 mM mannitol, pH 5.5. The
protoplast suspension was then subjected to Percoll density gradient cen-
trifugation. Evacuolated protoplasts were collected from the resulting pellet.
Intracellular calcium
An aliquot of BY-2 cell suspension (2.5 ml) was washed twice with salt-free
230 mOsm sorbitol solution and then subjected to two freeze-thaw cycles
(196C and 20C). Samples were homogenized using a Tenbroeck tissue
grinder (Wheaton Science Products, Millville, NJ). After removal of cell wall
fragments by ﬁltration the cell sap was analyzed for Ca21 using an ELEX
6361 ﬂame photometer (Eppendorf, Hamburg, Germany).
Calcium concentration in the whole cell extract was found to be 1.06 0.4
mM (n¼ 5, mean6 SD). As the vacuole occupies.90% of the cell volume
these data provide a good estimate of the vacuolar Ca21 concentration.
Electrorotation
ROT spectra of BY-2 protoplasts were measured by using a microstructured
four-electrode chamber as described in detail by Kiesel et al. (34) The mi-
crostructures consisted of planar arrays of circular electrodes of 60-mm
diameter, 140-nm thickness, and 300-mm electrode spacing. Rotating ﬁelds
were generated by application of four 90 phase-shifted, rectangular voltage
signals using the pulse generator HP 8130A (Hewlett-Packard, Boeblingen,
Germany). The amplitude was varied between 2.5 and 4.8 VPP (peak-to-peak
voltage) and the frequency between 10 kHz and 150 MHz; 50–70 ml of the
cell suspension was added to the rotation chamber. The protoplasts were
observed by using a BX 50 Olympus microscope (Hamburg, Germany) that
was equipped with a charge-coupled device video camera connected to a
video monitor. ROT spectra were monitored by decreasing the ﬁeld fre-
quency in steps (four frequency points per decade). At each ﬁeld frequency,
the rotation speed of single cells located near the center of the chamber was
determined using a stopwatch. ROT spectra were normalized to a ﬁeld
strength of 100 VPP/cm. Protoplast radii were determined with a calibrated
ocular micrometer. The conductivity of the media was adjusted to the de-
sired value by adding appropriate concentrations of KCl.
Measurements of the ﬁeld frequency fc1 at which maximum antiﬁeld cell
rotation occurred were performed in a macroscopic four-electrode chamber
(sample volume 10 ml; spacing of the planar electrodes ;1.2 mm). The
frequency fc1 was determined by using the contrarotating ﬁelds (CRF) tech-
nique introduced by Arnold and Zimmermann (35). The cells were viewed
with an inverted Leitz-Labovert microscope through a 1003 oil-immersion
objective. Cell radii were determined with a calibrated eyepiece micrometer.
Conductivity within the chamber was monitored by a conductometer con-
nected to two opposite electrodes.
Pulse generators and chemiluminometer
For electropulsing of BY-2 cell suspensions the Multiporator (Eppendorf)
as well as the pulse generator HP-214B (Hewlett-Packard) were used.
The Multiporator delivers single exponentially decaying ﬁeld pulses of up to
1200V voltage,with a rise time of;100 ns and a decay time constant of 50ms,
as monitored by means of a digital storage oscilloscope Tektronix TDS 3052
(Wilsonville, OR). For injection of a train of low-voltage rectangular electric
pulses (ﬁeld strength 75–200V/cm; rise time 20 ns, duration 50ms, fall time 20
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ns) theHP-214Bgeneratorwas used. The pulse repetition rate of 5 pulses/s was
controlled by a function generator (TE 7702, Toellner, Herdecke, Germany).
Before electropulsing, the cells were washed two times with and re-
suspended in an isotonic (230mOsm) pulsing solution at a ﬁnal density of 105
cells/ml. The low-conductivity pulsing solution (0.25 mS/cm) consisted of
1.5 mM KCl and 230 mM sucrose. The high-conductivity pulsing solution
(5 mS/cm) consisted of 40 mMKCl, and 150 mM sucrose. The pH of pulsing
solutions was adjusted to 5.8 by the addition of 1 mMMES. Ca21-substituted
pulsing solutions contained 0.01, 0.1 (standard), or 1 mM CaCl2. Depletion
of extracellular Ca21 was achieved by 10-min incubation of BY-2 cells in
Ca21-free pulsing solution supplemented with 3 mM EGTA. After EGTA
treatment, the cells were washed twice and suspended in Ca21-free pulsing
solution. In some experiments, KCl was replaced by an equivalent con-
centration of NaCl or CsCl. An aliquot of the cell suspension (;800 ml)
was carefully transferred to a standard commercial electroporation cuvette
(Eppendorf) consisting of two plane aluminum electrodes (2 cm2 area) spaced
by d¼ 4 mm. The ﬁeld strength E0 applied to the cell sample was calculated
as E0 ¼ V0/d. It should be noted that because of the voltage drop across the
oxide layer on the electrode surface the actual ﬁeld strength exerted on the
suspended cells can be somewhat lower (by ;10–20%) than the expected
ﬁeld intensity (13,36).
Chemoluminescence of aequorin in BY-2 cells was measured by means
of a luminometer (Sirius Luminometer; Berthold Detection Systems). To
this end, an electroporation cuvette was placed into the sample compartment
of the chemiluminometer. The cuvette electrodes were connected to the
Multiporator by means of copper cables. Chemiluminescence measurements
started usually 5–10 s before pulse application. The digitized signals were
acquired at a rate of 5 data points/s.
RESULTS
Morphological appearance
The microphotographs in Fig. 1 illustrate the typical ap-
pearance of 5-day-old tobacco BY-2 cells. The morphology
of the cells was similar to that reported by the literature
(29,37). From the ﬁgures it is evident that BY-2 cells grow in
fairly dense clusters (Fig. 1 A). The clustered cells exhibited
an irregular shape ranging from nearly spherical (Fig. 1 B) to
rod-likemorphology (Fig. 1,C andD). Theywere surrounded
by a thin wall as indicated by staining with the ﬂuorescent
anionic dye Calcoﬂuor white (Fig. 1, B and D). Elongated
shape was typical for sister cells at the beginning of cell wall
division (Fig. 1 D). During the later division stages, BY-2
cells becomemore spherical (Fig. 1B). Fig. 1C shows that the
vacuoles occupied almost the entire cell volume. The nucleus
and organelleswere locatedwithin a cavity (arrow in Fig. 1C)
formed by the vacuolar membrane (tonoplast).
Suspensions of BY-2 cells such as illustrated in Fig. 1,
A–D, were used for the chemiluminescence measurements of
ﬁeld-induced [Ca21]cyt transients. The strong aggregation of
the BY-2 cells (Fig. 1 A), however, did not allow preparation
of single cells required for electrorotation measurements.
Therefore, isolated protoplasts obtained by enzymatic diges-
tion were used for electrorotation (Fig. 1 E).
[Ca21]cyt transients induced by single DC pulses
in the presence of extracellular Ca21
Control BY-2 cells suspended in medium containing 0.1 mM
Ca21ext exhibited a background chemiluminescence level
CL0 of (0.4–0.6)3 10
3 arbitrary units (a.u.). Application of a
ﬁeld pulse of at least 200 V/cm led to an immediate increase
of chemiluminescence to a peak value CLmax due to an in-
crease in [Ca21]cyt (Fig. 2 A). Peaking of the chemilumi-
nescence was followed by a gradual decay to a ﬁnal level
CLf of ;10
3 a.u. Generally, CLf was somewhat higher than
the background CL0 before electropulsing. The decay of the
[Ca21]cyt transients consisted of a fast and slow component
that could be ﬁtted by superposition of two exponential func-
tions (Eq. 1):
CLðtÞ ¼ A1et=t1 1A2et=t2 1CLf ; (1)
where A1 and A2 are the amplitudes and t1 and t2 the corre-
sponding time constants of the two decay components. Since
the ﬁnal signal CLf was much smaller than the peak chemi-
luminescence, the sum of the amplitudes (A11 A2) was nearly
equal to the peak value CLmax. Typical transient chemilu-
minescence curves induced by a single DC ﬁeld pulse of 400
V/cm and 800 V/cm ﬁeld strength are given in Fig. 2 A. A
ﬁeld pulse of 400 V/cm yielded a CLmax value of ;10
5 a.u.
within ;0.2 s after pulse application (curve 1 in Fig. 2 A).
Application of a DC pulse of 800 V/cm ﬁeld strength
FIGURE 1 Bright-ﬁeld (A, E, and F), phase contrast (C), and ﬂuorescence
microphotographs (B and D) of intact (walled) BY-2 cells (A–D) and
vacuolated protoplasts (E and F). In panels A–D, BY-2 cells taken from an
asynchronous culture are shown. In B and D, the cells were stained with the
ﬂuorescent dye Calcoﬂuor white, which exhibits high afﬁnity to the cell wall
(1 mM, excitation wavelength 365 nm). Panels C and E show that cells and
protoplasts contain large central vacuoles separated from the plasmalemma by
a thin cytoplasmic layer. The nucleus and organelles are located within a cavity
(arrows) formed by the tonoplast. Panel F illustrates a protoplast located in the
center of an ROT chamber that consists of four circular microelectrodes.
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resulted in an;10-fold increase of the CLmax value (curve 2
in Fig. 1 A).
Fitting of curve 1 in Fig. 2 A by Eq. 1 yielded A1  5 3
104 a.u. and A2  33 104 a.u. and t1  0.4 s and t2 2.8 s,
respectively, for the fast and slow decay component. Raising
the ﬁeld strength to 800 V/cm (Fig. 2 A, curve 2) increased
the amplitudes of both decay components by at least one
order of magnitude (A1  5 3 105 a.u. and A2  6 3 105
a.u.), whereas their time constants changed—if at all—to a
much lesser extent (t1  0.5 s and t2  4.7 s). Table 1
summarizes the mean ﬁtted values of A1, A2, t1, t2, and CLf
of the biphasic decay of the [Ca21]cyt transients induced by
electric pulses of 200–800 V/cm. As shown in Table 1 the
squared correlation coefﬁcients (r2) of the ﬁts were ;0.99.
Only in the case of a DC pulse of 200 V/cm, r2 was somewhat
lower (;0.97). The reason for this was the weak chemilumi-
nescence intensity.
Fig. 2 B illustrates the dependence of the peak chemilu-
minescence CLmax on the applied ﬁeld strength. Increasing
the ﬁeld strength from 200 to 400 V/cm resulted in a slight
increase of the CLmax value, which could be approximated
by a straight line (dashed line). The slope of the dependence
of CLmax on ﬁeld strength increased dramatically above 500
V/cm (solid line). Data points above the discontinuity of the
CLmax-E0 relation could also be ﬁtted by a straight line. The
intersection of the two regression lines gave a ﬁeld strength
of 450 V/cm for the change in slope of the CLmax-E0 relation.
Trypan blue staining performed 30 min after electro-
pulsing showed that application of single DC pulses of up to
800 V/cm intensity did not cause any signiﬁcant damage to
the BY-2 cells in comparison to the control cells (mean6 SE
of unstained cells, 96.56 0.2% vs. 95.76 0.5%; n¼ 9). The
high viability rates also suggest that the concentrations of
Al31 cations solubilized from the anode by electropulsing
were too low to induce any detrimental effects on the viability
of BY-2 cells. Similarly, various mammalian cell lines tolerate
very well electropulsing with short ﬁeld pulses (microsecond
range) in low-conductive sugar-substitutedmedia, such as used
in this study (38).
[Ca21]cyt transients induced by low-intensity
pulse trains
In contrast to single pulses (Fig. 2 B), chemiluminescence
could be induced in BY-2 cells by ﬁeld strengths,200 V/cm
if a train of rectangular pulses was applied in the presence
of 0.1 mM Ca21. As evident from Fig. 3 A, application of 5
TABLE 1 Best-ﬁt parameters of the double-exponential function (Eq. 1) to the decay portions of chemiluminescence signals induced
by various ﬁeld strengths in the presence of 0.1 mM Ca21ext
Field strength, V/cm* A1/10
3, a.u. t1, s A2/10
3, a.u. t2, s CLf/10
3 r2
200 2.0 6 0.2 0.51 6 0.04 0.6 6 0.1 5.6 6 0.8 0.6 6 0.2 0.967
300 10 6 2 0.40 6 0.02 6.7 6 0.2 2.7 6 0.1 1.0 6 0.1 0.998
400 53 6 5 0.44 6 0.04 28 6 2 2.8 6 0.2 1.5 6 0.1 0.999
500 171 6 13 0.52 6 0.04 65 6 1 4.1 6 0.2 1.5 6 0.1 0.999
600 303 6 31 0.51 6 0.05 182 6 34 4.8 6 0.1 1.3 6 0.2 0.999
700 399 6 15 0.40 6 0.01 324 6 9 4.7 6 0.1 1.1 6 0.1 0.997
800 518 6 15 0.45 6 0.07 581 6 33 4.7 6 0.2 0.9 6 0.1 0.995
*The data are means 6 SE of three to four independent measurements. For experimental details, see Fig. 2 legend.
FIGURE 2 Field strength dependence of [Ca21]cyt transients, measured
by chemiluminescence, in aequorin-transformed tobacco BY-2 cells in the
presence of 0.1 mM extracellular Ca21. In panel A, triangles and circles
denote [Ca21]cyt transients induced by a ﬁeld pulse of 400 and 800 V/cm,
respectively. In both cases, pulse application (at zero time) led to an
instantaneous rise of chemiluminescence from its background level (CL0) to
a peak value (CLmax). The continuous curves are ﬁts of the double-
exponential function (Eq. 1) to the decay part of [Ca21]cyt transients. The
ﬁtted parameters are given in the text and in Table 1. Inset in panel A shows
chemiluminescence signals observed in the presence of 0.01 and 1 mM
[Ca21]ext after application of a pulse of 800 V/cm ﬁeld strength. In panel B,
CLmax values are plotted against the ﬁeld strength. Note that the slope of the
ﬁeld strength dependence of CLmax increases dramatically above 500 V/cm.
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pulses/s of 100 V/cm strength caused an immediate increase
in the chemiluminescence from 350 to ;650 a.u. The value
was independent of the time of ﬁeld exposure (4 min in Fig. 3
A). Increase of the ﬁeld strength of the pulses to 150 V/cm
led to a.10-fold increase of CLmax (;1.93 10
4 a.u.). After
peaking the chemiluminescence declined slightly to a steady
level of ;4000 a.u. within ;3 min. A qualitatively similar
but more pronounced chemiluminescence response was ob-
served upon exposure of the cells to a train of pulses of 200
V/cm. Independent of the applied ﬁeld strength, the chemi-
luminescence decreased rapidly to the background level upon
switching off the pulse train (Fig. 3 A).
A pulse train whose amplitude increased from 100 and
200 V/cm during the ﬁrst 20 s of ﬁeld exposure and sub-
sequently decreased in the next 80 s was used to evoke
chemiluminescence transients that were nearly identical to
those observed previously with KMnO4 (Fig. 3 B; see also
Sano et al. (19). Fig. 3 B illustrates the applicability of
amplitude-modulated pulse trains for an accurate simulation
of naturally occurring Ca21cyt transients.
Dependence of [Ca21]cyt transients induced by a
single DC pulse on external Ca21
Increase of [Ca21]ext to 1 mM showed no effect on CLmax
value or on the biphasic decay of the chemiluminescence
within the limits of accuracy (see Fig. 2 A, inset). This
ﬁnding suggested that CLmax has already reached a plateau
value at 0.1 mM [Ca21]ext. Consistent with this, a decrease of
[Ca21]ext from 0.1 to 0.01 mM led to a decrease of the CLmax
value. For instance, at a ﬁeld strength of 800 V/cm the initial
CLmax value was reduced from ;10
6 to 0.4 3 106 a.u.
The amplitude, the decay time constants and, in turn, the
shape of the electrically induced chemiluminescence tran-
sients changed dramatically upon removal of external cal-
cium. For instance, at a ﬁeld strength of 400 V/cm, CLmax
dropped to ;103 a.u. (curve 1, Fig. 4 A). Furthermore, the
peak value was reached much later (i.e., 1–2 s after elec-
tropulsing; Fig. 4 A) than in the presence of 0.1 mM Ca21ext
(Fig. 2 A).
It is also obvious from the ﬁgure that the fast decay phase
of the chemiluminescence disappeared upon removal of
Ca21. Due to the relatively slow increase in chemilumines-
cence, the transients in Ca21-depleted media could be ana-
lyzed with a pulse function (Eq. 2) that accounted for both
the rising and the decay phase:
CLðtÞ ¼ Að1 et=tRÞet=tD 1CLf ; (2)
where A is a parameter related with the peak amplitude,
CLmax, and tR and tD are the rising and decay time constants,
respectively.
Qualitatively similar chemiluminescence transients in Ca21-
free media were observed over the entire range of ﬁeld
strengths. Table 2 summarizes the parameters obtained by
ﬁtting Eq. 2 to the [Ca21]cyt transients measured at ﬁeld
strengths E $ 400 V/cm. Although lower ﬁeld strengths of
300 and 350 V/cm also induced a detectable increase in
chemiluminescence, the ﬁt function did not converge, ap-
parently because of the low signal intensity. Judging by the
r2-values ranging between 0.98 and 0.998, Eq. 2 matches
well the kinetics of chemiluminescence. This suggests that in
Ca21-depleted solutions chemiluminescence decreased mono-
exponentially and not double exponentially as in the pres-
ence of Ca21ext (Fig. 2 A). As evident from Table 2, increasing
ﬁeld strength from 400 to 800 V/cm resulted in a nearly
20-fold rise of the parameter A from 1.4 3 103 to 26 3 103
a.u., whereas both rising and decay time constants remained
unchanged or changed only to a small extent (tR  1–3 s and
tD  5–6 s).
Similar to Ca21-substituted media (Fig. 2 B), the CLmax
values measured in EGTA-treated cells exhibited a strong
FIGURE 3 Chemiluminescence responses of BY-2 cells to trains of
rectangular ﬁeld pulses ((A) 50-ms pulse duration, 5 pulses/s repetition rate)
in the presence of 0.1 mM Ca21. The chemiluminescence recordings shown
in panel Awere obtained on BY-2 cells exposed for;4 min to pulse trains of
the indicated ﬁeld strengths. Note that a detectable increase of chemilumi-
nescence was observed at a ﬁeld strength of$100 V/cm. Upon switching off
the pulse train, the chemiluminescence returned rapidly to the original back-
ground level. The solid curve in panel B shows a typical [Ca21]cyt signature
in BY-2 cells treated with 50 mM KMnO4. The KMnO4-speciﬁc [Ca
21]cyt
transients could be mimicked by applying an amplitude-modulated pulse
train (dashed curve) to BY-2 cells. This was achieved by increasing the
amplitude of the train pulses from;100 to 200 V/cm during the ﬁrst 20 s of
ﬁeld exposure and subsequent decrease of the amplitudes to nearly zero in
the following 80 s.
3328 Sukhorukov et al.
Biophysical Journal 93(9) 3324–3337
nonlinear dependence on the applied ﬁeld strength (Fig. 4 B).
Between 300 and 500 V/cm, CLmax increased only slightly
from ;0.7 3 103 to 1.7 3 103 a.u., as indicated by the
dashed line. Above 600 V/cm, the slope of the ﬁeld strength
dependence increased dramatically (solid line). The inter-
section of the two regression lines gave a threshold ﬁeld
strength of;580 V/cm for the change in slope of the CLmax-
E0 relation (Fig. 4 B). Increase of the external conductivity to
5 mS/cm seemed to shift this threshold ﬁeld strength to lower
values (data not shown).
Effects of external conductivity and monovalent
cation substitution on Ca21 transients
The ﬁnding that the threshold ﬁeld strength depended on the
external conductivity se in Ca
21-free media prompted us to
examine the effect of se on the electrically induced [Ca
21]cyt
transients in BY-2 cells in more detail. In the experiment
illustrated in Fig. 5, se was adjusted to 0.25 and 5 mS/cm by
varying the concentration of KCl (1.5 or 40 mM), while
keeping the medium osmolality (230 mOsm) and extracel-
lular Ca21 concentration (0.1 mM) constant. Electropulsing
was performed at a ﬁeld strength of 800 V/cm.
As evident from Fig. 5, se strongly inﬂuenced the kinetics
of the electrically induced [Ca21]cyt transients. An increase
of se from 0.25 to 5 mS/cm (curves 1 and 2, respectively)
resulted in an approximately twofold reduction of the initial
CLmax value from;5.53 10
5 to;2.53 105 a.u. Increasing
se also led to a slower decline of the chemiluminescence,
which was apparently due to the lack of the fast decay com-
ponent (see Table 1). Interestingly, the increase ofse rendered
the shape of [Ca21]cyt transients similar to those observed
in Ca21-depleted medium (Fig. 4 A). Similar results were
obtained when pulses of lower intensity were applied.
We also found that, at a concentration of 1.5 or 40 mM of
monovalent cations, the substitution of K1 by Na1 or Cs1 in
the pulsing solution affected only slightly—if at all—the
[Ca21]cyt transients in BY-2 cells (data not shown). These
ﬁndings imply that the external electric conductivity se
rather than the kind or the concentration of the monovalent
cation was the critical factor determining the electrically
induced [Ca21]cyt transients in BY-2 cells.
Electrorotation of protoplasts
The antiﬁeld rotation peak of vacuolated protoplasts was
analyzed by means of the CRF technique. This method
enables extremely rapid and precise determination of fc1, but
it is restricted to low-conductivity media (35). The CRF
measurements revealed a strong linear relationship between
the product fc1 3 R1 and se (Fig. 6 A, inset), in accordance
with Eq. A4. From the straight lines the area-speciﬁc mem-
brane capacitance (Cm) and conductance (Gm) could be ex-
tracted. Mean values of Cm and Gm were found to be 0.766
0.02 mF/cm2 and Gm ¼ 2.6 6 1.4 mS/cm2 (n ¼ 140),
respectively.
TABLE 2 Best-ﬁt parameters of the pulse function (Eq. 2) to the chemiluminescence signals induced by various ﬁeld strengths in
Ca21-depleted media
Field strength, V/cm* A/103, a.u. tR, s tD, s CLf/10
3 r2
400 1.4 6 0.2 2.9 6 1.5 6.5 6 0.5 0.4 6 0.1 0.980
500 2.3 6 0.3 3.5 6 1.8 5.4 6 0.3 0.4 6 0.1 0.986
600 4.3 6 0.1 0.9 6 0.1 6.2 6 0.1 0.3 6 0.1 0.995
700 11.3 6 0.1 1.1 6 0.1 5.7 6 0.1 0.4 6 0.1 0.998
800 26.2 6 0.3 2.5 6 0.1 6.0 6 0.1 0.4 6 0.1 0.997
*The data are means 6 SE of three to four independent measurements. For experimental details, see Fig. 4 legend.
FIGURE 4 Field strength dependence of [Ca21]cyt transients in EGTA-
treated BY-2 cells suspended in Ca21-free medium. In panel A, triangles and
circles denote [Ca21]cyt transients induced by 400 and 800 V/cm, respec-
tively. The continuous curves are best ﬁts of Eq. 2 to the experimental data.
The ﬁtted parameters are listed in Table 2. In panel B, the dependence of
CLmax on the applied ﬁeld strength is shown. Similar to Ca
21-substituted
media (Fig. 2 B), the ﬁeld strength dependence of CLmax observed in EGTA-
treated cells was strongly nonlinear exhibiting a discontinuity at;580 V/cm.
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By contrast to the CRF technique, ROT spectra could be
monitored over a wide range of se ranging from 5 mS/cm to
5 mS/cm. As seen in Fig. 6, A and B, the ROT spectra
exhibited two widely separated anti- and coﬁeld peaks.
Fitting the ROT spectra by superposition of two Lorentzian
functions (Eq. A3; see Appendix) allowed the determination
of the characteristic frequencies fc1 and fc2 for the anti- and
coﬁeld ROT peaks. Plotting the fc2 data versus se (Fig. 6 C)
showed that the coﬁeld peak changed only slightly with
increasing se up to 1 mS/cm (V ¼ 1–2 radian/s at fc2 ¼ 40–
60 MHz). At a conductivity of 5 mS/cm, the coﬁeld peak
moved to frequencies higher than 150 MHz and could not be
resolved. Furthermore, over a wide conductivity range (5–
200 mS/cm) the coﬁeld rotation was almost constant (V 
2 radian/s) and decreased to a value of;0.8 radian/s at 1 mS/
cm. By contrast, antiﬁeld rotation exhibited a strong depen-
dency on the external conductivity. The fastest antiﬁeld rota-
tion V of ;4 radian/s was observed at the low conductivity
of se ¼ 5 mS/cm. With increasing se, the antiﬁeld peak
rotation decreased gradually to ;1.5 radian/s at 5 mS/cm.
Furthermore, plotting the fc1 data versus se shows (Fig. 6 C)
that an increase of the conductivity se from 5 mS/cm to
5 mS/cm shifted the antiﬁeld rotation peak from ;2 kHz to
1.6 MHz (Fig. 6, A and B). The dependency of fc1 was not
linear. This contrasted the results obtained on evacuolated
protoplasts. A plot of the fc1 vs. se yielded an almost linear
dependency of both parameters (Fig. 7).
The analysis of the ROT spectra of vacuolated and
evacuolated BY-2 protoplasts in terms of the single-shell
model showed that the cytosolic parameters ecyt and scyt of
both cell types did not depend on se as indicated by the plot
of the characteristic frequencies fc2 vs. se (Figs. 6 C and 7).
The mean values of the relative dielectric constant, the in-
ternal conductivity, and the area-speciﬁc membrane conduc-
tivity are calculated to be ecyt¼ 886 6, scyt¼ 7.36 0.4 mS/
cm, and Gm ¼ 2.6 6 1.4 mS/cm2 (n ¼ 38) for vacuolated
protoplasts, and ecyt ¼ 116 6 5, scyt ¼ 5.1 6 0.2 mS/cm,
and Gm ¼ 1.6 6 0.3 mS/cm2 (n ¼ 26) for evacuolated
protoplasts.
DISCUSSION
We have shown that both amplitude and kinetics of the elec-
trically induced [Ca21]cyt transients in BY-2 cells measured
by chemiluminescence were strongly inﬂuenced by the ex-
perimental conditions, most notably the ﬁeld strength, ex-
tracellular Ca21, and medium conductivity. This obviously
can be traced back to the multishell structure of the plant
cells. The dielectric properties of the two membranes arranged
in series as well as of the vacuolar, cytoplasmic, and external
compartments determine the charging process of the individ-
ual membranes in response to an electric ﬁeld pulse. The
relevant parameters for membrane charging below breakdown
can be derived from the analysis of the electrorotation data.
Evaluation of the ROT spectra with the
single- and three-shell models
The analysis of the ROT data of evacuolated BY-2 pro-
toplasts in terms of the single-shell model show that the Cm
value of evacuolated protoplasts does not depend on external
conductivity (Fig. 7). An average Cm value of 0.65 6 0.01
mF/cm2 (n ¼ 26) was observed over the entire conductivity
range. By contrast, the Cm values of vacuolated protoplasts
apparently changes strongly with the external conductivity
se. At high conductivities (i.e., 0.2–5 mS/cm; Fig. 6 B) a Cm
value of 0.41 6 0.01 mF/cm2 (n ¼ 22 cells) is calculated.
This value is in agreement with the Cm values of plant cells
published in the literature (0.24–0.48 mF/cm2), which were
usually by a factor of 2 or more smaller than those derived
for animal cells (0.8–1 mF/cm2) (39–41). Toward low con-
ductivities (i.e., 5–50 mS/cm) the Cm value of vacuolated
BY-2 protoplasts increases substantially (0.60 6 0.02 mF/
cm2; n ¼ 16; see Fig. 6 A). An even larger Cm value in the
low-conductivity range is derived from the CRF measure-
ments (0.76 6 0.02 mF/cm2; n ¼ 140; see inset in Fig. 6 A).
The increase of the Cm value below 50 mS/cm is also evident
from the strongly nonlinear dependence of the characteristic
frequency fc1 of the antiﬁeld-rotation peak on se (Fig. 6 C).
The conductivity dependence of Cm can be explained
by assuming that the charging of the plasmalemma and the
tonoplast is affected differently by se. This assumption is
corroborated by the numerical simulations of the ROT spectra
using both the single- and the three-shell model (see dashed
and solid curves in Fig. 6 D). The ROT spectra were cal-
culated as the imaginary parts of the complex polarizabilities
x given by Eqs. A2 and A5. The parameters by which the
FIGURE 5 The effect of external conductivity se on the electrically
induced [Ca21]cyt transients in BY-2 cells in Ca
21-substituted medium. The
solid and dashed curves denote [Ca21]cyt transients measured at se of 0.25
mS/cm (standard) and 5 mS/cm, respectively, after application of a pulse 800
V/cm ﬁeld strength and 50 ms duration; se was increased by replacing
sucrose by appropriate amounts of KCl in the pulse medium, while keeping
the calcium concentration unchanged ([Ca21]ext ¼ 0.1 mM).
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experimental ROT spectra could be approximated are given
in Table 3. Curves 1–4 were calculated for se of 10, 80, 640,
and 5120 mS/cm.
It is obvious from Fig. 6 D that the coﬁeld peaks of the
ROT spectra determined experimentally (Fig. 6, A–C) could
be described quite well by both models over the entire range
of se. Both models also described accurately the experi-
mental data obtained for antiﬁeld rotation at high conduc-
tivity (curves 3 and 4). However, toward lower conductivity
(,50 mS/cm) the antiﬁeld-rotation data could be ﬁtted much
better by the three-shell model than by the single-shell model.
In contrast to the single-shell model, the three-shell model
predicts the shift of the antiﬁeld-rotation peak to lower
frequencies between 10 and 80 mS/cm (curves 1 and 2) as
experimentally found (Fig. 6 C). The very good agreement
between the ROT spectra experimentally determined and the
ROT spectra theoretically calculated by the three-shell model
over the entire conductivity range suggests that both mem-
branes have a similar area-speciﬁc capacitance value (Cp and
Ct), but that the contribution of the two capacitances to the
electrorotation response of the protoplasts depends on se. At
high conductivity both individual membranes are charged.
Thus, the area-speciﬁc capacitance of the total membrane
barrier is ;0.4 mF/cm2 because the individual membranes
are arranged in series. At very low conductivity (e.g., se ¼
10 mS/cm), only one individual membrane of the barrier is
charged. Accordingly the area-speciﬁc capacitance increases
to 0.60–0.76 mF/cm2, i.e., to an order of magnitude measured
for the single-shelled evacuolated protoplasts.
Induced transmembrane potentials in the
frequency and time domains
The very good agreement between the three-shell model and
the experimental ROT data measured on vacuolated proto-
plasts justiﬁes the use of this model for calculations of the
transmembrane voltages induced across the plasmalemma
(Up) and tonoplast (Ut). Under the proviso that both Up and
Ut are complex quantities in the frequency domain (see
Appendix), their absolute values Abs(Up) and Abs(Ut) were
FIGURE 6 Dielectric analysis of vacuolated BY-2 protoplasts by electrorotation. ROT spectra measured at various external conductivities se are shown in
panels A and B. Each spectrum is the mean (6 SE) of 9–14 cells. Continuous curves are best ﬁts of Eq. A3 to the data. The characteristic frequencies fc1 and fc2
denote the anti- and coﬁeld rotation peaks, respectively. Inset in panel A shows the radius-normalized fc1 data of;140 cells measured by the CRF technique at
very low se between;5 and 65 mS/cm. Fitting these data to Eq. A4 yields an apparent Cm value of 0.766 0.02 mF/cm
2 and a Gm value of 2.66 1.4 mS/cm
2.
In C, the fc1 and fc2 values are plotted versus se. The data were derived either from the ROT spectra (solid symbols) or by the CRF method (open symbols). The
dashed and solid curves were generated, respectively, with the single- and three-shell model, using the parameters listed in Table 3. Note that the three-shell
model provides a much better ﬁt to the fc1 data than the single-shell model. Theoretical ROT spectra shown in panelDwere calculated on the basis of the single-
and three-shell model (dashed and solid curves, respectively). ROT speed, given asIm (x) (Eqs. A2 and A5) was plotted against Log10 (frequency) for se of
0.01, 0.08, 0.64, and 5.12 mS/cm (curves 1–4, respectively), using the parameters given in Table 3.
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calculated as functions of frequency and conductivity (Fig. 8,
A and C). For calculations the parameters listed in Table 3
were substituted into Eqs. A6 and A7.
At low se the frequency spectra of the plasmalemma
voltage Up shows a single dispersion (Fig. 8 A, curves 1 and
2), whereas at high se two dispersions occur (Fig. 8 A, curves
3 and 4). Tonoplast voltages Ut increase above 5 kHz (Fig. 8
C).Ut reaches theUp values at;100 kHz. Above 1 MHZ the
tonoplast is as short-circuited as the plasmalemma. Below 5
kHz Ut is extremely small due to the shielding of the cell
interior against the electric ﬁeld by the insulating plasma-
lemma. With increase of se the magnitude of Ut increases
(curves 1–4). Simultaneously the decrease of Ut observed
upon short-circuiting of the membrane is shifted to higher
frequencies. The frequency spectra of the tonoplast and the
plasmalemma voltages allow calculations of the correspond-
ing spectra in the time domain using inverse Laplace trans-
formation (42,43).
The pulse-induced [Ca21]cyt transients were determined
on walled BY-2 cells whereas the frequency spectrum was
calculated from electrorotation data of vacuolated protoplasts.
Transformation of the frequency spectra into the time do-
main is possible because of the extremely small effects of
the porous and highly conductive cell wall on the charging
process of membranes (44). Fig. 8, B and D, illustrate the
time courses of the voltages of the plasmalemma Up and
tonoplast Ut in response to an exponentially decaying ﬁeld
pulse of 400 V/cm strength. Obviously, within the ﬁrst 10 ms,
the charging process of the plasmalemma can be described
by one exponential function at low conductivity (Fig. 8 B;
curves 1 and 2) and by two exponential ones at high con-
ductivity (curves 3 and 4). At time .50 ms, Up decreases
exponentially with a time constant of;50 ms, in accordance
with the decay constant of the applied electric pulse. From
the ﬁgure it is also obvious that an increase in se led to an
increase of the amplitude of the induced voltage Up. Simul-
taneously, charging of the plasmalemma is accelerated. As
expected from the frequency spectrum in Fig. 8 C charging
of the tonoplast occurs nonmonotonically, particularly at
high se (Fig. 8 D, curves 2–4). Application of a ﬁeld pulse
leads to a rapid charging of the tonoplast to a maximum
value of Ut followed by a slow decline of the voltage. At t 
15 ms, when plasmalemma charging reached maximum
values, Ut is very low. Interestingly, as in the case of Up, the
magnitude and the rising rate of the Ut transients are affected
by se. Both parameters increase with increasing se. Taken
together, the induced voltage transients across the plas-
malemma (Fig. 8 B) exhibit larger magnitudes and longer
durations than the corresponding tonoplast potentials (Fig.
8 D).
Reversible breakdown of the tonoplast
and the plasmalemma
The differences in the charging proﬁles of the tonoplast and
the plasmalemma and their dependency on se have, ap-
parently, a strong impact on the reversible breakdown of
the two membranes. The critical ﬁeld strength required for
generation of the membrane breakdown voltage can be esti-
mated from the equation U ¼ 1:5R1E0cosq (45). The equa-
tion is derived for a single-shelled cell and provides that the
steady-state voltage across the membrane is reached. Assum-
ing a breakdown voltage of 1 V for a biomembrane (13), a
critical ﬁeld strength of 440 V/cm is calculated. This value
TABLE 3 Parameters used for calculations of the ROT spectra,
Up, and Ut for single- and three-shell models
Parameters Symbol Value(s)
Common parameters
Radius of the protoplast R1 15 mm
External conductivity (variable) se 0.01; 0.08; 0.64;
5.12 mS/cm
External permittivity ee 80 e0
Applied ﬁeld strength E0 400 V/cm
Single-shell model
Area-speciﬁc membrane capacitance Cm 0.4 mF/cm
2
Area-speciﬁc membrane conductance Gm 2.6 mS/cm
2
Cytosolic conductivity scyt 7.3 mS/cm
Cytosolic permittivity ecyt 88 e0
Three-shell model
Area-speciﬁc plasmalemma capacitance Cp 0.8 mF/cm
2
Area-speciﬁc plasmalemma conductance Gp 5.2 mS/cm
2
Cytosolic conductivity scyt 4 mS/cm
Cytosolic permittivity ecyt 80 e0
Radius of the vacuole R2 0.98 R1
Tonoplast conductivity Gt 5.2 mS/cm
2
Tonoplast capacitance Ct 0.8 mF/cm
2
Conductivity of the vacuolar sap svac 8 mS/cm
Vacuolar permittivity evac 88 e0
FIGURE 7 Conductivity dependences of the characteristic frequencies fc1
and fc2 calculated from the ROT spectra of evacuolated BY-2 protoplasts.
Each data point represents the mean (6 SE) of ﬁve to seven cells. The curves
were generated by application of the single-shell model, using the mean
ﬁtted parameters derived from the ROT spectra of individual protoplasts (see
text). Note that the single-shell model matches well the fc1 and fc2 data of
evacuolated protoplasts over the entire conductivity range.
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agrees well with the ﬁeld strength at which the discontinuity
in the CLmax-E0 relation was experimentally observed when
measurements were performed in Ca21-substituted media
(Fig. 2 B). Inspection of the potential proﬁles across the
tonoplast and the plasmalemma in Fig. 8, B and D, shows
that Up transients are larger in amplitude and more extended
in time than the corresponding Ut transients. This ﬁnding
suggests that the breakdown voltage of the plasmalemma is
reached at a lower external ﬁeld strength than that of the
tonoplast. Thus, the dramatic increase in chemiluminescence
above 450 V/cm can most likely be assigned to the break-
down of the plasmalemma. Breakdown of the tonoplast
obviously requires an electric ﬁeld strength of 580 V/cm.
This conclusion can be drawn from the measurements in
Ca21-free media (Fig. 4). In the absence of external Ca21 the
increase of the chemiluminescence can only be due to vac-
uolar Ca21 release into the cytoplasm. The electrically in-
duced pathways of Ca21 entry into the cytosol in the presence
and absence of extracellular Ca21are illustrated schemati-
cally in Fig. 9 (left and right, respectively).
In the subbreakdown range (i.e., below 450 V/cm),
the very weak chemiluminescence responses observed in
FIGURE 9 Schematic illustration of Ca21 inﬂux and
efﬂux pathways (solid and dashed arrows, respectively) in
a tobacco cell. In the presence of extracellular Ca21 (left),
external electric ﬁeld E0 triggers, via the plasmalemma
charging, the Ca21 entry into the cytosol through voltage-
gated channels (VGC). Above a critical ﬁeld strength Ec
of 450 V/cm, the electric breakdown (EB) of the plasma-
lemma can result in a signiﬁcant increase of the extracel-
lular Ca21 inﬂux. Similarly, the inﬂux of vacuolar Ca21
into the cytosol can be mediated by the activation of
vacuolar voltage-gated channels (VVGC) and by the
tonoplast breakdown above a critical ﬁeld strength Ec of
580 V/cm. In the absence of extracellular Ca21 (right),
only the vacuolar pathways contribute to the electrically
mediated [Ca21]cyt transients. As shown elsewhere (2),
energy dependent calcium ATPases (CATP) in the plas-
malemma, tonoplast, and endoplasmatic reticulum (ER)
can be involved in the removal of Ca21 from the cytosol
(dashed arrows).
FIGURE 8 Conductivity dependences of the voltages in-
duced across the plasmalemma Up (A and B) and tonoplast
Ut (C andD) in the frequency (A and C) and time (B andD)
domain. Curves 1–4 are plotted for external conductivities
se of 0.01, 0.08, 0.64, and 5.12 mS/cm, respectively, using
the dielectric parameters of vacuolated protoplasts derived
by electrorotation (Table 3). The voltage transients in the
time domain (B and D) were calculated for a ﬁeld pulse of
400 V/cm decaying exponentially with a time constant of
50 ms.
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Ca21-substituted media seemed to result from the inﬂux
of external Ca21 through voltage-gated channels in the plas-
malemma, as also proposed elsewhere (18,19). Likewise, the
vacuolar Ca21 can also enter the cytosol through voltage-gated
channels in the tonoplast (46,47).
Contribution of vacuolar and external [Ca21] to the
chemiluminescence transients
The vacuolar [Ca21] of BY-2 cells is an order of magnitude
higher than the [Ca21]ext at which most experiments were
performed (1 mM vacuolar Ca21 versus 0.1 mM external
Ca21). Therefore, in the ﬁrst instance one should expect that
the increase of [Ca21]cyt is rather due to ﬁeld-induced release
of vacuolar than of external Ca21 into the cytoplasm because
of the large Ca21 gradients across the tonoplast. However,
the pronounced reduction of the amplitude of [Ca21]cyt tran-
sients upon removal of external Ca21 demonstrates that
vacuolar Ca21 contributes much less to the [Ca21]cyt transients
than external Ca21. In the light of the above theoretical
considerations this ﬁnding can be explained straightforwardly
by the differences in the amplitude and duration of the gen-
erated tonoplast and plasmalemma potentials. According to the
potential proﬁles generated across the tonoplast and plasma-
lemma (Fig. 8, B and D), ﬁeld-induced Ca21 permeability
changes in the plasmalemma must always be larger than those
in the tonoplast both in the sub- and above-breakdown range.
Furthermore, compared to the tonoplast, the lifetime of the
high-permeability state of the plasmalemma must be quite
short. This is suggested by the decay kinetics of the chemilu-
minescence. Aequorin-mediated chemiluminescence requires
presence of free Ca21 (12). Thus, the decay rate depends on
the one hand from the removal kinetics of free Ca21 from the
cytosol (e.g., by binding and/or sequestration of Ca21 by
cytosolic macromolecules/organelles and its exclusion from
the cytosol by energized transport systems including calcium
ATPases (2)) and on the other hand from the supply kinetics
of vacuolar and/or external Ca21, as illustrated schematically
in Fig. 9. Measurements of [Ca21]cyt transients in Ca
21 free
media have unquestionably shown that the slow decay com-
ponent must be assigned to Ca21 release from the vacuole into
the cytoplasm, because the fast component disappeared (orwas
too small to be resolved). Disappearance of the fast decay
component suggests that this component is predominantly
determined by Ca21 inﬂux from the external medium. This
means that the inﬂux of external Ca21 decreases rapidly after
peaking, whereas release of vacuolar Ca21 continues for some
time, thus delaying the decrease of free Ca21 in the cytoplasm.
The long-lasting release of vacuolar Ca21 can possibly arise
from secondary processes, such as the activation of slow vac-
uolar type (SV) channels, which are permeable to and activated
by Ca21 (48,49). A further interesting ﬁnding is that, in the
presence of external Ca21, the fast decay component of the
[Ca21]cyt transients is also not observed at high external con-
ductivity (see Fig. 5). The rise and the decay constant of the
[Ca21]cyt transients were similar to those measured in Ca
21
free media (compare Fig. 4). However, the amplitude was
higher than in Ca21 free medium. This can only be explained
by Ca21 inﬂux from the medium into the cytosol, thus sug-
gesting that at high external conductivity the life span of the
high-permeability state of the plasmalemma for Ca21 is of the
same order of magnitude as that of the tonoplast.
CONCLUDING REMARKS
In this study the dielectric structure of protoplasts from BY-2
tobacco cells was analyzed by means of the ROT technique.
The complex ROT response of vacuolated protoplasts could
be explained accurately by a three-shell model accounting
for the presence of two serially connected capacitances of the
plasmalemma and tonoplast. The three-shell model allowed
the calculation of the potential proﬁles across the plasma-
lemma (Up) and tonoplast (Ut) induced by a short DC pulse.
The potential proﬁles explained the ﬁeld and external con-
ductivity dependence of Ca21 inﬂuxes from the vacuole
and the external medium into the cytoplasm measured by
chemiluminescence. Among other things, the theoretical
considerations also show that charging of the tonoplast and
the plasmalemma (and thus the breakdown ﬁeld strength)
depends strongly on the external conductivity. The ﬁnding that
KMnO4-mediated [Ca
21]cyt signatures can be simulated by
application of a train of low-intensity ﬁeld pulses of varying
amplitude (Fig. 3) suggests that several secondary processes
are apparently involved in the induction of the transients which
are difﬁcult to elucidate. Since Ca21 is an important second
messenger in both animal and plant cells, electric ﬁelds obvi-
ously offer an important new tool for controlling cell-signaling
pathways for basic research, medical, and biotechnological
applications. In general, the experimental ﬁndings and theo-
retical approaches presented here are useful for the develop-
ment of cell-type speciﬁc techniques allowing controlled
release of Ca21 from intracellular stores by in situ electro-
manipulation of organelles in both animal and plant cells. For
genetic manipulations of plant cells by electrotransfection or
electrofusion it is important to note further that ﬁeld application
must be performed in low-conductivity media to minimize
release of Ca21 and presumably other vacuolar ingredients.
APPENDIX: THEORY OF ELECTROROTATION
AND MEMBRANE CHARGING BY EXTERNAL
ELECTRIC FIELDS
An alternating, rotating or pulsed electric ﬁeld (E0) imposed on a cell
induces a dipole, m, and a voltage across the plasmalemma and the mem-
branes of the organelles. The electrostatic interaction of the induced dipole
m with the applied ﬁeld results in a variety of electrokinetic phenomena
(13,25,43,50,51). In a rotating ﬁeld, the phase shift between E0 and m pro-
duces a torque that leads to cell rotation (ROT). Comprehensive treatments
of ROT and related phenomena (e.g., dielectrophoresis, electrodeformation,
etc.) have been given previously (35,52,53). In the case of spherical par-
ticles, such as isolated plant protoplasts, the frequency-dependent cell
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rotation speed V(f) is fully determined by the imaginary part of the complex
cell polarizability x; and is given by:





where ee and h are the permittivity and dynamic viscosity of the external
medium, respectively.
In this study, we used the single-shell as well as the three-shell model
(Fig. 10) for the interpretation of the ROT spectra of evacuolated and
vacuolated protoplasts, respectively. The three-shell model also allowed the
calculation of the voltages induced across the plasmalemma (Up) and
tonoplast (Ut) in both time and frequency domains (Fig. 8).
The single-shell model
The expressions for the complex polarizability x of a single-shelled cell
(e.g., evacuolated protoplasts) were derived by using the approach described
in detail elsewhere (54). In brief, the particle is assumed to consist of lossless
dielectrics with permittivities e’s. The particle is suspended in a lossless
medium of permittivity ee and subjected to a uniform electric ﬁeld E0.
Assuming continuity of the electrostatic potential and the normal component
of the displacement at the dielectric interfaces yields the following equation
for the real polarizability x:
x ¼ R1 Cmðecyt  eeÞ  eeecyt
R1 Cmðecyt1 2eeÞ1 2eeecyt; (A2)
where R1 is the cell radius, Cm is the area-speciﬁc membrane capacitance
(see Fig. 10). The subscripts ‘‘e’’ and ‘‘cyt’’ in the permittivities e-values
denote the external medium and cytosol, respectively. For the analysis in the
frequency domain (i.e., for the conditions of ROT experiments), the complex
polarizability x was obtained by replacing the real permittivities e-values,
and Cm in Eq. A2 by their complex counterparts: e ¼ e  js/v and Cm ¼
Cm j Gm/v; e and s are the real permittivity and conductivity, respectively,
j ¼ (1)0.5 and v ¼ 2pf is the radian ﬁeld frequency. The area-speciﬁc
quantities Cm [F/cm
2] and Gm [S/cm
2] were used because the membrane
thickness (;10 nm) is much smaller than the cell radius (R1  15 mm).
The ROT spectra of single-shelled cells can also be presented as a super-
position of two Lorentzian peaks caused by the Maxwell-Wagner disper-
sions at the outer and inner interfaces of the plasmalemma (13):






where A1 and A2 are the amplitudes of the anti- and coﬁeld peaks centered at
fc1 and fc2, respectively. The two ROT peaks are usually widely separated
because of fc1  fc2. The characteristic frequencies (fc1 and fc2) and ROT
magnitudes (A1 and A2) are affected by the applied ﬁeld strength, the con-
ductivities, permittivities, and some other parameters of the external medium,
membrane, and cytosol (25). Equation A3 was used for the determination of
the fc1 and fc2 values from the experimental ROT spectra. For ﬁtting of the
ROT data a MATHEMATICA notebook was devised.
Given that scyt  se  sm, the single-shell model gives the following







Equation A4 was used in this study for the evaluation of the apparent Cm and
Gm values from the fc1 data obtained by the CRF technique.
The three-shell model
In contrast to the single-shell model, which treats the cell interior as a ho-
mogeneous phase, the three-shell model is more realistic because it accounts
for the presence of a large tonoplast-bound vacuole of radius R2 in plant
protoplasts (Fig. 10 B). The expressions for the cell polarizability x, as well
as for the voltage drops across the plasmalemma (Up) and tonoplast (Ut)
can easily be found by applying the approach of Jones (54) mentioned
above. The following equations for x, Up, and Ut were derived using
MATHEMATICA:
FIGURE 10 Single- and three-shelled spheres as structural models for
evacuolated and vacuolated tobacco protoplasts, respectively. R1 and R2
denote the external cell and vacuolar radii, respectively; e and s are the
permittivity and conductivity, respectively. Panels C and G are the capac-
itance and conductance per unit area, respectively. Subscripts ‘‘e’’, ‘‘cyt’’,
‘‘t’’, and ‘‘vac’’ indicate the external medium, cytosol, tonoplast, and
vacuolar sap, respectively. Subscripts ‘‘m’’ and ‘‘p’’ denote the plasma-
lemma in the single- and three shell model, respectively.
CpR1
ecytð2R31ðecyt  eeÞ  R32ð2ecyt1 eeÞÞevac1










1  R32Þ1CtR2ðR31ð2ecyt1 evacÞ1 2R32ðevac  ecytÞÞÞ
Den
cosq; (A6)
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where R1 and R2 are the cellular and vacuolar radii, respectively (see Fig.
10). Cp and Ct are the area-speciﬁc capacitances of the plasmalemma and
tonoplast; u is the polar angle measured in relation to the ﬁeld E0. The
subscripts ‘‘e’’, ‘‘cyt’’, and ‘‘vac’’ in the permittivities e-values denote
the external medium, cytosol, and vacuole, respectively. Up and Ut are
the differences between the electrostatic potentials at the inner and outer
boundaries of the plasmalemma and tonoplast, respectively. Note that, Up
and Ut depend linearly on the cellular and vacuolar radii, respectively. The
denominator Den in Eqs. A5–A7 is given by the following expression:
For the analysis in the frequency domain, the complex quantities x; Up, and
Ut, were obtained by replacing the real permittivities e-values, Cp, and Ct in
Eqs. A5–A8 by their complex counterparts: e ¼ e  js/v and C ¼ C  j G/
v. The theoretical ROT spectra calculated with the three-shell model are
illustrated in Fig. 6 D (solid lines). The voltages induced across the tonoplast
Ut, and the plasmalemma Up in both frequency and time domains are
illustrated in the Discussion section (Fig. 8). All calculations were made with
the cell parameters given in Table 3, by assuming spherical geometry.
Simpliﬁed analytical equations for the calculation of the induced membrane
voltage in ellipsoidal cells have been derived recently elsewhere (51).
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